Abstract-Low dose rate experiments on field-oxide-field-effecttransistors (FOXFETs) fabricated in a 90 nm CMOS technology indicate that there is a dose rate enhancement factor (EF) associated with radiation-induced degradation. One dimensional (1-D) numerical calculations are used to investigate the key mechanisms responsible for the dose rate dependent buildup of radiation-induced defects in shallow trench isolation (STI) oxides. Calculations of damage EF indicate that oxide thickness, distribution of hole traps and hole capture cross-section affect dose rate sensitivity. The dose rate sensitivity of STI oxides is compared with the sensitivity of bipolar base oxides using model calculations.
defect buildup in the gate oxides). However, the main concern for modern technologies with gate oxides thicknesses under 10 nm is associated with the buildup of defects in the isolation oxides. Electric fields in the thick isolation oxide structures are significantly lower and can lead to dose rate sensitivity. This paper explores low dose rate (LDR) effects in advanced CMOS technologies and investigates the basic mechanisms for the dose rate dependent buildup of radiation-induced defects in the shallow trench isolation (STI) oxide regions of these technologies.
Recently, dose rate effects in advanced CMOS technologies were investigated [7] , [8] . These studies show higher levels of edge leakage in n-channel devices exposed at LDR. This enhancement in degradation was attributed to the dose rate dependent buildup of trapped charge (holes) near the corner of the trench [7] . As described in [7] , several factors contribute to the dose rate dependence: 1) low-field recombination could be reduced at LDR due to the lower density of holes produced by radiation (i.e., higher charge yield at LDR) leading to higher degradation, 2) asymmetric field lines along the sidewall and in the corner of the STI leading to a non-uniform buildup of charge along the interface as a function of time, and 3) recombination mechanisms acting upon charge confined within the STI oxide at high dose rates (HDR).
In this work we present data from dose rate experiments on field-oxide-field-effect-transistors (FOXFETs) [9] fabricated in a commercial 90 nm low standby power (LSP) CMOS technology. A cross-sectional diagram of the n-well-to-n-well (NW) FOXFETs is shown in Fig. 1 [10] . Although these test structures will not provide information on the sidewall charge distribution that is critical in modeling edge leakage in standard n-channel transistors, they make it possible to investigate the radiation-induced defect buildup along the base of the STI oxides. The non-uniform geometries of the trench sidewall and corner have a negligible effect on the electrical characteristics of these devices. Therefore, with FOXFETs it is possible to readily extract the densities of radiation-induced defects in STI oxides (i.e., and ) and analyze the basic mechanisms that contribute to the dose rate dependent buildup of these defects without the complexities introduced by geometric non-uniformities in the isolating dielectric sidewall. Experimental results are given in Section II.
The dose rate effects observed experimentally can be analyzed and modeled by processes that are normally attributed to ELDRS in bipolar technologies. To describe the radiation-induced buildup of and in STI oxides, we have developed a 1-D physical model based on [3] , [11] , [12] that utilizes Fig. 1 . Cross-sectional diagram of the n-well-to-n-well (NW) FOXFET [10] .
kinetic equations that capture TID and dose rate effects in silicon dioxide (SiO ). Numerical calculations obtained through a finite difference representation of the model allow one to investigate the mechanisms that lead to the dose rate effects in STI oxides. A description of the physical mechanisms and kinetic equations incorporated into the model are summarized in Section III.
A discussion of model calculations for the dose rate dependent buildup of and , which provide insight into the key factors that determine total dose and dose rate effects in advanced CMOS STI oxides, is presented in Section IV. The influence of different parameters, such as applied bias, dose-rate and the distribution of trapping precursors (i.e., processing defects), on the radiation response of STI oxides is investigated through numerical simulations and is also discussed in Section IV.
II. EXPERIMENTAL RESULTS
N-well-to-n-well (NW) FOXFETs were fabricated in a 90 nm commercial bulk CMOS low-standby power (LSP) technology using STI oxides with a thickness of nm. FOXFET devices were fabricated with two 100 m fingers (effective width is m) with poly-Si gate lengths of m. The test structures were irradiated with gamma rays at two different dose rates, 0.005 rad(SiO )/s and 100 rad(SiO )/s. During irradiation, the FOXFETs were biased with 1 V on the gate and all other terminals grounded. The thickness of the FOXFET oxide is greater than 400 nm, thus the field in the dielectric is still relatively low ( kV/cm) even with the 1 V bias on the gate.
Electrical measurements were performed prior to irradiation and following step-stress exposures to total dose levels of 3, 5, 10, 13.7 and 22.2 krad(SiO ) for the LDR experiments and to 12 and 21 krad(SiO ) for the HDR experiments. The electrical measurements consisted of measuring the vs.
characteristics for a drain bias of mV. The results for the LDR exposure are shown in Fig. 2 . The results in Fig. 3 are for a HDR exposure.
The buildup of the effective oxide sheet-charge density and interface trap density are extracted from the degraded -characteristics using the charge separation technique [13] . Shown in Fig. 4 other terminals grounded). The annealing time is determined by the time required to reach the total dose level (21 krad in this case) at the LDR exposure. This ensures the same amount of time is allowed for the transport of mobile species in both the LDR and HDR cases and, thus, the "true" dose rate effects are measured. True dose rate effects are determined by comparing the radiation response of devices exposed at a LDR and devices exposed at a HDR followed by a room temperature anneal. The results in Fig. 4 show a greater buildup in both and following the LDR exposures than following a HDR exposure with the corresponding room temperature anneal. These results indicate that there is a LDR to HDR enhancement factor (EF) of approximately 1.3 for and approximately 1.6 for . In comparison, the damage EF for bipolar technologies can be as high as for and up to 10 or greater for [7] , [11] . Additional experiments were performed with all terminals grounded during irradiation (results not shown). The results from both radiation biasing configurations (i.e., 1 V on the gate and 0 V on the gate, with all other terminals grounded) indicate a similar buildup rate for and .
III. MODELING

A. Theoretical Model
This section describes a theoretical model for the physical mechanisms that contribute to the buildup of radiation-induced defects in SiO following exposure to ionizing radiation. The presented model incorporates hole trapping and electron compensation mechanisms as well as the formation of interface traps due to proton release, transport and the subsequent reaction at the Si-SiO interface [14] , [15] . Dose-rate effects are investigated following the approach described by Hjalmarson et al. in [12] . Here, bimolecular reactions are considered in the calculations in order to analyze the physical mechanisms that lead to ELDRS. Additionally, space charge effects that lead to dose-rate sensitivity are also investigated. These effects are due to localized electric fields caused by radiation-generated species that can alter the transport of charged particles during irradiation.
Calculations incorporating key mechanisms are used to describe the dose-rate dependent buildup of radiation-induced defects in STI oxides of advanced CMOS technologies. Analyzing the effects of different model parameters and reactions on the dose-rate dependent buildup of and makes it possible to determine how the basic mechanisms attributed to ELDRS apply to CMOS technologies. The basic mechanisms to be included in the calculations are described by the following set of reactions between the mobile species and defects [16] , [17] :
Reactions (1)- (6) describe the mechanisms contributing to the radiation response following the generation of electron-hole pairs (ehps) and initial "prompt" recombination. In (1) and (2), neutral hole trapping defects are denoted by and positively charged hole trapping defects are denoted by . As described by reaction (2), a positively charged defect can be neutralized by capturing an electron. The formation of interface traps occurs through the "depassivation" of -centers at the Si-SiO interface. As described in the two-stage model [14] , protons are first released within the oxide and then migrate toward the interface where they can react with the passivated dangling bond to form an interface trap. It is assumed that protons are released following hole capture, as described by Shaneyfelt et al. in [15] .
The first stage for the formation of interface traps is described by reactions (3)- (5) . In these reactions is a hydrogenated neutral hole trapping defect. In the model, the atomic nature of is not determined. Reaction (3) describes hole trapping at the hydrogenated defect. Following hole trapping, a proton can be liberated resulting in the neutralization of the defect as described by reaction (4). Reaction (5) describes electron capture at a positively charged hydrogenated defect (i.e., D_BH^+), which results in a dose rate effect as a result of the competition with reaction (4) [16] . In the second stage, protons that have reached the Si-SiO interface can react with passivated centers as described by (6) . The passivated centers are dangling bonds that have been passivated by hydrogen during processing. This reaction will produce a dangling bond and a neutral hydrogen molecule (i.e., ). Reactions (1)-(6) are formulated into continuity equations describing the reactive transport for each of the mobile species. The time and space dependent continuity equation for electrons, holes and protons in a 1-D SiO structure are given by
In (7)- (9), are the electron, hole and proton densities, and and are the electron, hole and proton fluxes respectively. The contributions from all reactions are included in the corresponding generation and recombination terms for electrons, holes and protons (i.e., , and ). The generation terms for electrons and holes describe the radiation-induced generation of ehps. The generation of ehps is determined by the product of the dose rate , the hole fractional yield and the conversion factor given by (10) Therefore,
Charge yield is dependent on the magnitude of the local electric field and can be approximated as (12) where is the local field vector and is the threshold field constant ( V/cm) [18] [19] [20] [21] . The generation and recombination terms in the continuity equations are given by (13) (14) (15) where is given by (11) and the other right-hand side terms in (13)- (15) are summarized in (16)- (21) and shown in Table I .
In (16)- (21), and are the density of and and are the density of trapped holes at defects and and are the capture cross-sections for holes at defects and and are the capture cross-sections for electrons at and is the proton release coefficients for , and and are the capture cross section for protons at passivated centers and the density of passivated centers at the Si-SiO interface. All densities listed above are space and time dependent variables and all capture cross-sections and release coefficients are constants. The rates for hole and electron trapping listed in Table I are directly proportional to the corresponding species flux. The electron, hole and proton fluxes are given by (22) (23) (24) Here, is the local electric field in the oxide, , and are the electron, hole and proton mobilities in SiO and , and are the electron, hole and proton diffusivities in SiO . The resulting kinetic equations for the trapped holes (i.e., and ) and the interface traps (or de-passivated center) are
The electrostatic potential is obtained by solving Poisson's equation given by (28) where all charged particles are included in the charge density term .
B. Dose Rate Effects
A finite-difference methodology is used to compute solutions for the densities of the mobile species as well as for the electrostatic potential at nodes contained within a mesh superimposed on the solution domain [22] . The first set of calculations, shown in Fig. 5 , plot the buildup of as a function of dose rate at Fig. 5 are obtained from transient simulations performed up to a maximum total time of s, which is the time required to reach a dose of 30 krad(SiO ) at the lowest dose rate. These calculations are obtained using a uniform density of hydrogenated defects, cm , distributed throughout the oxide and a uniform density of hole traps, cm , located within 25 nm of the Si-SiO interface. Other model parameters used in the calculations are given in Table II . The defect densities and capture cross sections used here are consistent with values reported in [3] , [11] , [12] , [14] , [23] , [24] . The results plotted in Fig. 5 show that at low dose rates, the buildup of is suppressed as is reduced from 1000 nm to 400 nm (i.e., is lower for nm for dose rates below 0.1 rad(SiO )/s). This reduction is a result of fewer protons being released within the thinner oxides, as described by reaction (4), and consequently a lower . For increasing dose rates, the competition between reactions (4) and (5) becomes more significant as the density of radiation-induced generated ehps becomes comparable to . In this case, electron recombination at reduces the amount of protons being released within the oxide resulting in a reduction in at higher dose rates. This neutralization process is described by reaction (5). However, the results in Fig. 5 show that the reduction in as a function of dose rate (i.e., the dose rate sensitivity) is more significant for nm than for nm. The LDR to HDR EF is reduced from approximately 6.2 for nm to approximately 1.8 for nm. The EF is obtained from the ratio of for dose rates of rad(SiO )/s and rad(SiO )/s. The difference in dose rate sensitivity as a function of can be explained by space charge effects.
Space charge effects that contribute to dose rate sensitivity are investigated by using different densities of hole trapping defects (i.e., ). A higher results in more fixed positive charge near the Si-SiO interface. Localized electric fields caused by the fixed positive charge and other radiation-generated species can result in the confinement of electrons within the oxide bulk [2] , [3] . The confinement of electrons enhances recombination at sites, and contributes to dose rate sensitivity. Shown in Fig. 6 is a plot of the EF obtained by the ratio of at a total dose of 30 krad(SiO ) for dose rates of rad(SiO )/s and rad(SiO )/s. The EF is plotted as a function of for two different densities of hole traps, cm and cm , located within 25 nm of the Si-SiO interface. The results in Fig. 6 show that a higher density of hole trapping defects near the Si-SiO interface enhances dose rate sensitivity plotted as a function of dose rate for the FOXFETs (from data in Fig. 4 ) and for GLPNP transistors fabricated in the National Semiconductor Corporation (NSC) linear bipolar circuit technology. FOXFET data corresponds to a total dose of 21 krad(SiO ) and the GLPNP transistor data corresponds to a total dose of 30 krad(SiO ). Symbols indicate data and solid lines model calculations.
as a function oxide thickness. Space charge effects are due to localized electric fields caused by radiation-generated species and can alter the transport of charged particles during irradiation. However, as is reduced, space charge effects become less significant since the transport of charged particles is predominantly determined by the electric field set by the gate bias and the gate-to-semiconductor workfunction difference. This effect is demonstrated by the calculation results shown in Fig. 6 . Here, for the case of cm , dose rate sensitivity is significantly impacted by oxide thickness as determined by the increase in EF as a function of . On the other hand, for cm , the impact of on dose rate sensitivity is less significant as determined by the nearly constant EF as a function of . Fig. 7 plots the buildup of interface trap density as a function of dose rate for the FOXFET data shown in Fig. 4 and for data on gated-lateral pnp (GLPNP) transistors fabricated in the National Semiconductor Corporation (NSC) linear bipolar circuit technology [25] . In Fig. 7 , the FOXFET data corresponds to a total dose of 21 krad(SiO ) and the GLPNP transistor data corresponds to a total dose of 30 krad(SiO ).
C. STI Deposited Oxides vs. Thermal Oxides
for the GLPNP transistors is extracted using the methods discussed in [26] , [27] . Degradation in the GLPNP transistors is a result of interface trap buildup at the base oxide-silicon interface. The base oxide thickness for the GLPNP transistors is m. As described in the previous section and shown in Fig. 6 , oxide thickness and the density of hole traps (i.e., ), can affect dose rate sensitivity. However, trapping properties that result from different oxide processing may also affect dose rate sensitivity. For example, as reported in [28] , most of the hole trapping in thermal oxides occurs near the Si-SiO interface whereas deposited oxides can have a significant amount of hole trapping deeper within the bulk. Additionally, the capture cross section for hole traps (i.e., ) appears to be smaller in deposited oxides than in thermal oxides [28] . The GLPNP base oxide consists of a thermally grown oxide covered by a deposited oxide that is used to assure adequate oxide thickness over the emitter [26] . For STI oxides, typical processing involves etching a trench pattern through a nitride layer, sidewall oxidation to grow a thin oxide liner, chemical vapor deposition to fill the trench and chemical-mechanical planarization polishing [29] . Therefore, the bulk of the STI will consist of a deposited oxide. Additional calculations have been completed to investigate how the differences in oxide processing between base oxides in GLPNP transistors and STI oxides in FOXFETs affect the dose rate sensitivity. The solid and dashed lines in Fig. 7 correspond to these calculations. The calculations fitted to the GLPNP transistor data (i.e., the solid line) are obtained using a uniform density of hydrogenated defects, cm , distributed throughout the oxide and a uniform density of hole traps, cm , located within 25 nm of the Si-SiO interface. All other parameters are the same as listed in Table II . For the case of the FOXFETs, the calculations are fitted using cm distributed uniformly throughout the oxide and cm located within 75 nm of the Si-SiO interface (dashed line in Fig. 7) . In this case, all other parameters are the same as listed in Table II except hole capture  cross section, which is reduced to cm . Calculations show that increasing the depth within the oxide where hole traps are located (as measured from the Si-SiO interface) slightly increases dose rate sensitivity. However, the reduction in hole capture cross section reduces the buildup of fixed positive charge near the Si-SiO interface, significantly reducing dose rate sensitivity. This results in a better agreement with the FOXFET data.
The impact of hole capture cross section on dose rate sensitivity can be observed in the calculations shown in Fig. 8 where EF is plotted as a function of . EF is obtained from the ratio of for dose rates of rad(SiO )/s and rad(SiO )/s. The results in Fig. 8 show that for a fixed location and density of hole traps (e.g., cm located within 25 nm of the Si-SiO interface) the dose rate sensitivity is independent of for values below cm . However, as increases, significant hole trapping in regions near the Si-SiO interface increases dose rate sensitivity as determined by the increased EF obtained for values above cm . The calculations also show that the value for where the transition in dose rate sensitivity occurs is reduced by extending the location of the hole traps from within 25 nm of the Si-SiO interface to 45 nm.
IV. DISCUSSION
The impact of different model parameters on the dose rate dependent buildup of interface traps can be investigated using the numerical calculations given in Section III. This analysis makes it possible to understand how differences in technological and processing characteristics between bipolar base oxides and advanced CMOS STI oxides result in different dose rate sensitivities. From the model calculations, it has been determined that oxide thickness, density and location of hole traps and hole capture cross-section affect dose rate sensitivity. The density and location of hole traps, as well as the hole capture cross section, affect the buildup of fixed charge near the Si-SiO interface, which can result in space charge effects that enhance recombination mechanisms and impact the dose rate sensitivity. The numerical calculations presented in this work indicate that dose rate sensitivity can result from the combined effects of space charge and recombination mechanisms. However, the contribution from space charge effects becomes less significant as is reduced because transport of the charged species during HDR irradiation becomes more significantly determined by the electric field set by the gate bias and the gate-to-semiconductor workfunction difference. It should be noted that the calculations describing the dependence of dose rate sensitivity on (e.g., shown in Fig. 6 ) are based on the assumption of an MOS structure with a fixed gate-to-semiconductor workfunction difference and the trapping characteristics described in Section III. This structure allows simulating the FOXFETs used in this work and other gated devices (e.g., GLPNP bipolar transistors) with electric fields that are monotonic in direction (i.e., vertical from gate to substrate) for worst case operating conditions [6] . In contrast, the electric fields for standard bipolar isolation are typically smaller and non-monotonic in direction. In this case, the dependence of dose rate sensitivity on may not be as significant and other mechanisms not currently described by the presented model might be required.
Comparison of model calculations with experimental data results in excellent agreement for the description of dose rate sensitivity. The difference in dose rate sensitivity between base oxides of bipolar devices and advanced CMOS STI oxides is captured through differences in oxide thickness, in the location of hole traps (i.e., the location of ) and in the value of hole capture cross section. The differences in the location of , and in the values of are consistent with observations made by Mrstik et al. in [28] based on experimental characterization of deposited oxides using photo-assisted injection techniques.
Other model parameters such as electron capture cross-section at positively charged hydrogenated defects (i.e., ) and proton release coefficient from positively charged hydrogenated defects (i.e., ) can also impact dose rate sensitivity. As described in [25] , important factors that impact dose rate sensitivity in bipolar technologies are final passivation, packaging and post-packaging thermal treatments and hydrogen contamination in the package. However, the work presented here provides strong evidence that specific technology and processing characteristics of isolation oxides can explain the differences observed in dose rate sensitivity between bipolar and CMOS technologies.
V. CONCLUSION Dose rate effects in STI oxides are investigated using FOXFETs fabricated in a 90 nm advanced CMOS technology. TID experiments using gamma rays at two different dose rates, 0.005 rad(SiO )/s and 100 rad(SiO )/s, reveal true dose rate effects as determined from a greater buildup in the density of radiation-induced defects following the LDR exposures than following a HDR exposure with the corresponding room temperature anneal. A 1-D model that utilizes kinetic equations that capture TID and dose rate effects in SiO makes it possible to investigate the physical mechanisms that lead to dose rate effects in STI oxides. The modeling results presented in this work indicate that dose rate sensitivity can result from the combined effects of space charge and recombination mechanisms. Numerical calculations are also used to investigate how the differences in oxide processing between base oxides in GLPNP bipolar transistors and STI oxides in FOXFETs affect dose rate sensitivity. The modeling results indicate that differences in , distribution and density of hole traps and hole capture cross section can capture variations in dose rate sensitivity between thermal and deposited oxides. Comparison of model calculations with experimental data obtained for GLPNP bipolar transistors and FOXFETs results in excellent qualitative agreement.
Finally, this paper shows that CMOS technologies are indeed sensitive to dose rate effects and that the mechanisms proposed for ELDRS in bipolar technologies can also explain the dose rate sensitivity in the degradation of STI oxides. The impact of dose rate effects in advanced CMOS circuit response may be minimal, but should nonetheless be considered in cases where STI leakage is a dominant mechanism.
